Natural fine colloids and nanoparticles have the potential to encapsulate and bind nutrients. Their size and composition is therefore relevant to understand the transport of essential nutrients like phosphorus in an aquatic ecosystem. The aim of this study was to characterize fine colloidal and nanoparticulate bound P of distinct hydromorphological areas in stream water from a forested test site in a small headwater catchment. Asymmetric flow field flow fractionation coupled online to inductively coupled plasma mass spectrometry was applied for size-resolved detection of P, Fe, and Al in the fractions. Online P detection was a challenge due to the low concentrations (in this study down to 0.1 mg/L) in many natural waters. Additionally, the "dissolved" organic matter (DOM) content was derived from the online UV signal. The colloidal P occurred in two size fractions (2-20 and 21-300 nm), which constituted up to 100% of the total river P discharge depending on hydromorphology. For the small size fraction, variations in P concentrations correlated with Al variations; in addition, a high Fe presence in both fractions was accompanied by high P concentrations. Moreover, DOM was detected with P in the presence of Fe and Al, suggesting that Fe and Al are carriers of P and associated with organic matter. The developed methodology enables the inputs and source regions of fine colloidal and nanoparticulate fractions within a small river of a headwater catchment to be traced and conceptually defined for the first time.
Natural fine colloids and nanoparticles have the potential to encapsulate and bind nutrients. Their size and composition is therefore relevant to understand the transport of essential nutrients like phosphorus in an aquatic ecosystem. The aim of this study was to characterize fine colloidal and nanoparticulate bound P of distinct hydromorphological areas in stream water from a forested test site in a small headwater catchment. Asymmetric flow field flow fractionation coupled online to inductively coupled plasma mass spectrometry was applied for size-resolved detection of P, Fe, and Al in the fractions. Online P detection was a challenge due to the low concentrations (in this study down to 0.1 mg/L) in many natural waters. Additionally, the "dissolved" organic matter (DOM) content was derived from the online UV signal. The colloidal P occurred in two size fractions (2-20 and 21-300 nm), which constituted up to 100% of the total river P discharge depending on hydromorphology. For the small size fraction, variations in P concentrations correlated with Al variations; in addition, a high Fe presence in both fractions was accompanied by high P concentrations. Moreover, DOM was detected with P in the presence of Fe and Al, suggesting that Fe and Al are carriers of P and associated with organic matter. The developed methodology enables the inputs and source regions of fine colloidal and nanoparticulate fractions within a small river of a headwater catchment to be traced and conceptually defined for the first time.
Abbreviations: AF4, asymmetric flow field flow fractionation; DLS, dynamic light scattering; DOM, dissolved organic matter; ICP-MS, inductively coupled plasma mass spectrometry.
Aquatic and terrestrial nanoparticles (diameter: 1-100 nm) and fine colloids (diameter: >100 nm-1 mm) control and affect the chemical and biological processes in ecosystems. Nanometer-sized particles show deviations in their chemical role in contrast to larger particles (Hochella et al., 2008) . Natural fine colloids like Fe and Al oxides, clay minerals, as well as their associates with organic compounds occur in ecosystems through weathering, erosion, or mineralization processes (Filella et al., 2006) and have been recognized as ubiquitous in terrestrial ecosystems (Qafoku, 2010; Stone et al., 2010) . Natural fine colloids and nanoparticles have the potential to encapsulate and bind nutrients.
The transport of any essential element or nutrient in aqueous environments depends on its physicochemical form in solution. An element or nutrient can be present in a fully dissolved form, bound to nanoparticles or fine colloids, or to large particles above 1-mm diameter (Haygarth et al., 1997; Wilkinson et al., 1997 ). Due to their particle size in the nanometer range, fine colloids typically show rather high mobility in soils and riverine systems and significantly contribute to ecosystem functioning, especially because of their higher specific surface area (Filella et al., 1993) . This high surface area of colloids has the potential to bind species such as phosphorus compounds, trace metals, and organics (Sharpley, 1980) in higher amounts relative to particles >1 mm. Soil fine colloids are transferred from
The study characterizes bound P on fine colloids and nanoparticles in stream water through asymmetric flow field flow fractionation coupled online to detectors for size-resolved elemental detection. The developed methodology enables tracing both the inputs and source regions of colloidal fractions containing P, Al, Fe, and C for the first time.
terrestrial to aquatic environments through hydrological pathways (Turner, 2005) . In spite of their important role, the presence, fate, and manifestations of fine colloids and nanoparticles in natural stream environments are still poorly understood.
Phosphorus has a vital role in ecosystems for, e.g., cell metabolism, and it is often a limiting nutrient (Conley et al., 2009; Schindler, 1977) . Phosphorus can easily be taken up by organisms in the inorganic form (PO 4 3− ion) (Cole et al., 1977) . However, studies on the natural distribution of P species in, e.g., forest soils without fertilization have reported that a large part of the P fraction is present as organophosphorus compounds (Harrison, 1987; Stutter et al., 2012) .
Depending on the typology of the system, streams may provide a major pathway for nutrient losses like P. Early studies have already shown that P in rivers or streams is present as truly dissolved PO 4 3− or bound in or on colloids associated with, e.g., Fe or Al (Mayer and Jarrell, 1995) . These particles can also be associated with macromolecular organic C compounds. Total P data available from a monitoring site in the Harz region of Germany with forested land cover in the headwaters of the stream have not shown any variation throughout the stretch of the stream (Kamjunke et al., 2013) . A synopsis of Binkley et al. (2004) covering 300 streams in the United States has revealed on the one hand that the concentration of organic P equals or exceeds the concentration of inorganic P and on the other hand that P concentrations in streams of hardwood forests are about threefold higher than streams of coniferous forests. The few available studies covering particulate P (defined as diameter d > 0.45 mm) indicated a contribution of about 20% of the stream water total P (Binkley, 2001 ).
Metals in stream waters are of interest in both the dissolved and colloidal or particulate fraction (Hassellov and von der Kammer, 2008; Mayer and Jarrell, 1995; Richardson, 1985; Shafer et al., 1997) . Iron is of central interest in stream waters due to the tendency of Fe oxides to exist in nanometer size classes (Leppard et al., 1988) . Aluminum oxide is an additional metal oxide with high relevance in stream waters and, similarly to Fe oxides, may occur in nanometer-sized particles. Leppard et al. (1988) showed that Al is often included in the colloidal matter fraction as well as other relevant trace elements like P. Previously, the Al content of a soil has been described as having a greater relevance for P adsorption from a freshwater system than the Fe content (Richardson, 1985) . Recent studies have indicated that the high abundance of Fe compounds like Fe oxides, also Fe-rich colloids, in environments makes it a strong competitor for those binding sites (Hassellov and von der Kammer, 2008) .
The "dissolved" fraction of stream water is operationally defined as the fraction passing a 0.45-mm filter (Greenberg, 1985) , a definition that includes fine colloids, nanoparticles, and dissolved phases (Mayer and Jarrell, 1995) . This is critical due to the fact that the role of fine colloids below 450-nm size and associated transport may be overlooked when focusing on a "completely dissolved" state of the components measured (Gimbert et al., 2007) . Organic C is of central interest in the "dissolved" fraction. Depending on soil type, C in the form of macromolecular complexes comprises up to a maximum of 80% of the operationally defined "dissolved" organic C fraction below 450-nm size in aquatic ecosystems (Thurman, 1985 , in Jirsa et al., 2013 . Here, the "dissolved" organic material that is in nanoparticulate or fine colloidal form is referred to by the abbreviation DOM due to the operationally defined size cutoff. Organic P monoesters can be stabilized in the soil solution by metal ion salts (Stutter et al., 2012) and through adsorption to minerals (Ognalaga et al., 1994) . Also, macromolecular organic compounds have binding sites relevant for phosphate adsorption in natural ecosystems (Turner and Haygarth, 2000) . Fine colloids and nanoparticles combine the nutrient adsorption effects of solely organic and solely mineral compounds. To observe the allocation of fine colloids in the course of a natural stream, it has to be considered that they may occur in various size ranges, especially when aiming at identifying potential source regions.
Asymmetric flow field flow fractionation (AF4) is a frequently used method when aiming at the separation and characterization of colloids in aquatic systems . It combines a large separation range (?1 nm-1 mm) with the possibility of coupling various detection devices online, for example UV and particle size measurements (Giddings, 1993) . For an overview of field flow fractionation membranes, carrier liquids, and the detectors used for the analysis of varying environmental samples, see Gimbert et al. (2003) . Asymmetric flow field flow fractionations of environmental aqueous colloids with emphasis on fine colloidal P are important in understanding the role of different size fractions for nutrient adsorption. Distinct analyses have been done for agricultural sites (e.g., Regelink et al., 2011 Regelink et al., , 2013 and for waterways influenced by human activities (Stolpe et al., 2010) . The online coupling to inductively coupled plasma mass spectrometry (ICP-MS) is a powerful method to quantify the elemental composition of size-separated fractions. The high ionization potential of elementary P and the formation of isobaric cluster ions in the argon plasma are challenges for P detection by ICP-MS at the low microgram per liter level. Thus, literature on the determination of P concentrations in fine colloidal fractions, especially for sites lacking anthropogenic inputs, is rare. These specific sites are crucial to understanding the natural concentration range of P in the fine colloidal fraction and its manifestation in the aqueous phase of an ecosystem.
This study aimed at identifying fine colloidal and nanoparticulate bound P concentrations of distinct hydromorphological areas in a natural stream of the Wüstebach catchment. Particularly the stream points in the headwaters region are considered a source region of fine colloids and nanoparticles. The allocation of particles and adhered P was investigated throughout the course of the stream; AF4 online with ICP-MS was applied for quantification of Al, Fe, and P concentrations bound to fine colloidal and nanoparticulate fractions.
6 Materials and Methods
Experimental Test Site
All samples were taken from the stream within the Wüstebach experimental test site (Fig. 1) . The Wüstebach is a forested site at the southernmost outreach of the Rur catchment (Bogena et al., 2014) . It is located within the National Park Eifel and is part of the TERENO Eifel/Lower Rhine Valley Observatory Zacharias et al., 2011) . TERENO (Terrestrial Environmental Observatories) is a large-scale project aiming at monitoring the long-term impacts of environmental change at a regional scale. The sensor network installed onsite constantly provides data on a variety of parameters. Additionally, Wüstebach stream water samples and other aqueous phases are collected weekly and are routinely analyzed offsite for a large number of chemical parameters (for detailed information, see www.tereno. net). The monitoring has been pursued for ?5 yr on a daily to weekly or monthly basis. The site is a small subcatchment of the River Rur basin and covers an area of ?38.5 ha (Stockinger et al., 2013) . The lowest altitude of 595 m in the northern part of the catchment increases to 628 m in the south, with a mean slope of 3.6% and a maximum slope of 10.4% (Bogena et al., 2010) . The soil texture of the catchment is mainly silty clay loam, with up to very high amounts of coarse materials (Decker, 2010) . The climate of the test site is humid temperate. The mean annual precipitation between 1961 and 1990 was 1107 mm, and the mean annual temperature was 7°C (Zacharias et al., 2011 (Rosenbaum et al., 2012) . During the summer, only the 5-ha riparian zone around the Wüstebach stream is hydrologically active with respect to recharge (Rosenbaum et al., 2012) , whereas in winter it is at a total size of 38.5 ha (Stockinger et al., 2013) . This fluctuation occurs at an approximate volumetric soil water content of 35% (Stockinger et al., 2013 . Samples were collected during a "dry" (beginning of August 2013) pattern.
Currently, the Eifel National Park (the authority responsible for managing the Eifel region) aims at a natural regeneration of trees from the spruce monoculture forest that was originally established for timber production. 
Sampling
Samples were obtained in triplicate from points along the course of the Wüstebach stream ( Fig. 1 ) in the beginning of August 2013. The majority of sampling points was selected according to the standard sampling procedure described by Bogena et al. (2014) . In addition to the daily monitoring of the Wüstebach stream, weekly water samples are taken and analyzed offsite for a variety of chemical parameters (for detailed information, see www.tereno. net). The standard sampling procedure covers several stream points, of which three were analyzed in this study: SP1 from the headwaters, the tributary T2, and SP3 at the outflow of the test site. The stream point SP2 was originally a tributary sampling point but was sampled as a stream flow point in this study. Additional points were added in this study to specifically analyze sources of fine colloids and nanoparticles from different hydromorphological stream areas. These were in the headwaters region and from regions along the stream with constant inflow through tributaries. The points are from a tributary in close vicinity to SP1 (T1) and two overland flow driven regions in the headwaters (OF1) and in the midst of the stream (OF2). The tributary shows a hydromorphology similar to the main stream bed but with a strong Fe coloring of the water; the overland flow driven regions show high turbidity and are not confined to a specific bed. For this study, samples were named according to stream position. On sampling day, the water level at SP3 determined with a Venturi flume on average measured 3.55 ± 0.09 cm, while the water level determined with a V-notch weir averaged 5.59 ± 0.15 cm. The water chemical parameters included electrical conductivity of 274.50 ± 1.32 mS/cm, pH of 6.11 ± 0.03, redox potential of 4.61 ± 1.72 V, water temperature of 12.88 ± 0.43°C, and a turbidity of 2.62 ± 0.35 nephelometric turbidity units.
Samples were collected in Teflon (PTFE) bottles (manufactured at Forschungszentrum Jülich) and stored at 4°C without further treatment until fractionation and analysis. The sample analysis began directly after sampling. Before analysis, all samples were filtered through cellulose nitrate syringe filters with a pore size of 5 mm (GE Healthcare Europe GmbH). This filtering helped to avoid clogging of the AF4 and ICP-MS tubing. The 5-mm pore size has the advantage that it covers the whole range of P-containing colloids that were the focus of the analysis (a few nanometers to 1 mm) .It was not filtered through a 0.45-mm filter because that risks eliminating natural nanoparticles or fine colloids not specific to the given size due to unknown morphological heterogeneity of the natural particles.
Asymmetric Flow Field Flow Fractionation and Online Detection
Asymmetrical flow field flow fractionation (Postnova Analytics) was performed using a metal-free AF2000 system including autosampler and channel oven. The complete theory of asymmetric flow field flow fractionation and other flow field fractionation techniques has been described elsewhere (Giddings, 1993; Hassellov and von der Kammer, 2008) . The AF4 methodology had to be specifically developed for natural fine colloids and nanoparticles in stream water samples. A regenerated cellulose membrane with a 10-kDa molecular weight cutoff was used with a carrier of 10 mmol/L NaCl (Suprapure, Merck) in double-distilled water. The carrier was filtered through a 100-nm filter before use. The injection volume was 5 mL, introduced via a tip flow of 0.2 mL/min. During elution, a linear cross-flow gradient of 30 min was applied, which decreased from 3 to 0 mL/min; the detector flow was 0.5 mL/min. The AF4 was either operated online with UV-vis (Postnova Analystics) and ICP-MS (Agilent 7500, Agilent Technologies) or with UV-vis and dynamic light scattering (DLS; Malvern Instruments GmbH). The quadrupole ICP-MS with collision cell technology (Agilent Technologies) was operated with a MicroMist nebulizer and He as the collision gas monitoring 56 Fe, 27 Al, and 31 P. All samples were analyzed in triplicate.
Changes in the baseline level or contamination of samples through residual (non-eluted) particles were not observed during the sequence; the variation within the triplicate measurements of each sample was adequate and indicated reproducible measurement conditions.
Calibration of AF4-ICP-MS was performed through a multipoint calibration for P, Fe, and Al while coupled to the AF4. The standard solution contained P, Fe, and Al at 5, 10, and 25 mg/L dissolved in the carrier solution. Calibration runs were performed for 40 min without cross flow at a constant tip and detector flow of 0.5 mL/min. Due to the lack of suitable particle standards with exactly known concentrations of the elements under investigation, a flow injection approach using the AF4-ICP-MS setup with the same injection loop but elution without cross flow was performed. Mixed calibration standards were prepared from commercial single-element stock solutions in the carrier. The area of the obtained peaks was integrated, and linear regression of peak area vs. concentration of the standards was established for each analyzed element. The 10 mg/L calibration standard solution was repeated after every second sample to check for drift in the ICP-MS calibration. For the main target element P, the mean concentration assessed across all repetitions of the 10 mg/L standard solution during the measurement sequence resulted in an average of 10.1 ± 1.9 mg/L.
Each sample was analyzed three times to check for reproducibility. The obtained standard deviations are shown in Table 1 . The advantage of this calibration method is that it ensures the same conditions for the injection of the standard solution and the samples, which means that the actual size of the injection loop does not need to be exactly known. The major advantage is that the introduction of calibration standards via the AF4 autosampler can be integrated into the overnight running sequence. No dilution is required compared with post-channel calibration approaches (Nischwitz and Goenaga-Infante, 2012) , and data evaluation can be done via peak area integration. Total elemental concentrations in the filtered, unfractionated samples were determined by ICP-MS using external calibration, with Rh as the internal standard. Samples were acidified with 1% HCl instead of HNO 3 to avoid mass interference on P by N-containing cluster ions.
The approximate concentration of "dissolved" organic material (DOM) in the colloidal fractions from the sampling points was determined through the respective UV-vis signal at 254 nm (Neubauer et al., 2011) . Due to C being the major constituent in DOM (Cabaniss et al., 2005) , the technique of Neubauer et al. (2011) was applied as a proxy for the organic C content of the sample DOM fractions. Neubauer et al. (2011) precisely analyzed the signal of various detectors coupled online to AF4 and showed that the UV-vis signal at 250 or 254 nm (more commonly used) represents organic material in the fractions. The amounts are derived through integration over peak times.
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Data Analysis
Raw data from the ICP-MS were exported from ICP-MS MassHunter Workstation software (Agilent Technologies) to Microsoft Excel for processing. Peaks were baseline corrected and integrated. The obtained peak areas in counts per second were then converted into concentrations via the linear calibration equations derived from the calibration standards.
6 Results and Discussion
Method Development for Asymmetric Flow Field Flow Fractionation and Online Detection
The methodology of AF4 coupled online to ICP-MS was developed to allow successful measurements of P, Al, and Fe in fine colloidal fractions of stream water samples, especially at low P concentrations. Whereas recent studies covering P detection through AF4-ICP-MS (e.g., Regelink et al., 2013) used sector-field mass spectrometry, this study acquired measurements with a quadrupole instrument. The described method is applicable to routine analysis and detects low P concentrations through the use of the collision cell technology. The variability and particle-size range of natural fine colloids and nanoparticles in environmental stream water samples is high, and thus the AF4 channel and elution parameters have to be chosen to allow monitoring of the spectrum of fine colloids and nanoparticles below 450 nm. For carrier solutions, recent AF4-ICP-MS studies on aquatic colloids used aqueous phosphate (e.g., Plathe et al., 2010) or hydrogen carbonate (e.g., Regelink et al., 2013) buffer solutions. However, the focus of this study was on the online detection of P and also organic C as complementary information. This requires a carrier with low blank concentrations of these elements that maintains the size and elemental composition of the fine colloids and nanoparticles of interest, minimizes interaction with the membrane for high recovery rates, and is compatible with online detection by ICP-MS. Sodium chloride, commonly used for AF4 bovine serum albumin analysis (e.g., Sohmen et al., 2012) , was chosen as the best compromise and applied at a concentration of 10 mmol/L. A 500-mm spacer was installed in the channel to support high-elution cross flows for the retention of organic macromolecules in the low-nanometer range. A high cross flow (3 mL/min) was required during sample focusing and at the beginning of sample elution to achieve a separation of particles with a few nanometers diameter from the void peak (Fig. 2) . Subsequently, a gradient was applied down to a cross flow of 0 mL/min for elution of larger particles. A regenerated cellulose membrane was used. It showed the best sample recovery in previous studies with AF4 (Hagendorfer et al., 2011) . A molecular weight cutoff (MWCO) of 10 kDa was selected for this initial study. Compared with lower MWCOs (1 kDa or 300 Da), the smallest nanoparticle fraction (<2-nm diameter) can be lost during the fractionation process. However, the current results showed much better baseline stability when using the 10-kDa MWCO compared with 1 kDa, which improved the detection limits in particular for P and minimized the risk of erroneously interpreting pressure-induced baseline drift as nanoparticulate P. Due to the low concentration of particles in the stream water samples, a large sample volume (5 mL) was injected into the AF4 channel. Focusing of 30 min was necessary to transport the complete sample volume into the channel and to remove the truly dissolved fraction from the particles. After the focus step, particles were eluted from the AF4 channel following an increasing size regime according to the decrease in cross flow with time. The detector flow rate was 0.5 mL/min to ensure sufficient transit time for the UV-vis detector and the DLS and to ensure easy coupling to ICP-MS.
The AF4 fractogram of a stream water sample using UV-vis and DLS detection shows two main particle fractions (Fig. 2a) . The mean diameter of the early eluting first fraction was estimated at about 8 nm, with a range between about 2 and 20 nm, based on the analysis of calibration standards. The DLS could not reliably measure the hydrodynamic diameter of the first and smaller size fraction while coupled online to the AF4. Thus, a standardized aquatic natural organic matter from Suwannee River (International Humic Substances Society), dissolved in double-distilled water, was analyzed with the same AF4 conditions used for the samples in this study. The peak elution time of all first fractions Table 1 . Total elemental sample concentrations from the stream point (SP), overland flow (OF), and tributary (T) sampling points along the stream in contrast to total particulate elemental concentrations ± standard deviations (SD). matched well with the elution time of the standardized material (35-37 min including focus time). Additionally, the size range of the first fraction was estimated according to the MWCO of the membrane, which determines the lowest size of particles included in the fractionation process, and the elution peak times of standardized 21-nm sulfonated latex particles (Postnova Analytics), which elute shortly after the first fraction and just before the second fraction. The mean diameter of the later eluting second fraction was determined to be about 150 nm, covering a range of about 21 to 300 nm, using online DLS measurements.
Validation of Fine Colloidal and Nanoparticulate Phosphorus, Iron, and Aluminum along the Stream Flow
Coupling of AF4 to ICP-MS enabled monitoring of the elemental composition of the size-separated particle fractions (Fig. 2b ). Iron and Al were detected at high intensity (apart from Sample T2), while P was close to the detection limit in several samples, in particular in the first fraction. Estimated limits of detection for particle-bound elemental contents were 0.1 mg/L for P, 0.1 mg/L for Al, and 0.3 mg/L for Fe. It was possible to observe differences in the elemental composition in the fine colloidal and nanoparticulate distribution of the Wüstebach stream and its contributing flows. An overview of AF4-ICP-MS fractograms for all sampling points along the stream flow is shown in Fig.  3 . There was an increase in particlebound elemental contents from SP1 to SP2, followed by a decrease to SP3. Fractograms recorded for OF1/OF2 and T1/T2 facilitate our understanding of these changes along the stream flow (Fig. 3) . The additional first and elevated second fraction recorded at SP2 were due to an additional particle source supplied by T1 (high concentration of the first fraction), a hydromorphological region similar to the main stream, and OF1 (elevated second fraction), a very turbid overland flow supplied point.
The particle-bound elemental concentrations of the fractions shown in Fig. 4 indicate that the headwaters stream point of the Wüstebach (SP1) and the outlet stream point (SP3) have similarly low concentrations of P, Al, and Fe. This can be explained by a dilution effect due to the groundwater inflow tributary T2, occurring between SP2 and SP3. A comparison of the fractograms of SP2 and OF2 reveals a strong influence of overland flow up to this stream area due to the very similar peak forms of the two points, despite different hydromorphological characteristics. Within the course of the stream, the profile of the particle-bound concentrations for P correlated, in particular in the first fraction, with Al rather than with Fe. On the one hand, this result is consistent with the findings from Richardson (1985) , who suggested that following washout from adjacent soils, it is mainly Al rather than Fe that controls the P adsorption in freshwater systems. On the other hand it may be possible that the aqueous Al species are mainly attached to (colloidal) organic P. Noteworthy, for both the first and also the second fraction, it was observed that if a highly increased Fe content was present, more P was detected in the nanoparticulate and colloidal fraction. In light of the much lower Al content compared with Fe content (Fig. 4) , we suggest that particles in the two peaks did not contain much clay but were dominated by oxides or, in Fraction 1, by organic compounds binding Al, Fe, and P. However, when looking at the dynamics of the second fraction, no strong correlations of the P contents with the course of Al or Fe concentrations were seen, indicating that the P binding cannot be explained by an interplay of Fe and Al alone. Possibly also other factors like DOM play a role.
Particle-Bound Elemental Contents Relative to Total Elemental Contents
Mean contents of 34.9 ± 11.6% for Fe and 54.1 ± 26.3% for P were bound in the particulate fraction relative to the total elemental concentrations ( Fig. 5 ; Table 1 ). Peak percentages for P in colloidal form were recorded at SP2. For Fe, samples from SP2, OF2, and SP3 showed very similar peak values despite differences in the hydromorphology of the sampling sites. The overland flow driven regions are not confined to a specific bed and showed higher turbidity of the containing water than the stream points with the confined bed and baseline turbidity. The Al measured as fine colloids and nanoparticles was generally low (1.3 ± 0.4%) compared with total sample concentrations. The percentage of elements in the fine colloidal and nanoparticulate form compared with the total concentrations confirms that elemental transport through them is relevant, especially when comparing with data obtained at the sampling location T2 (a groundwater inflow tributary). The percentages were up to 20 times lower for T2 than for all other sampling points (Fig. 5) . Total Al concentration at T2 was similar to the values observed at the other sampling locations, whereas the concentrations of P and Fe at the other locations were three and 10 times lower, respectively. The P concentration at T2 was at a value where, at other sampling points with the same total concentration, a much higher percentage of the total P was present in the fine colloidal and nanoparticulate form. If, therefore, a distinct amount of Al and especially Fe is not present with free binding sites for P, in consequence a lower percentage of P is bound in the fine colloidal and nanoparticulate form. Thus, an essential element such as P needs a carrier such as Fe and Al to be transported in the fine colloidal and nanoparticulate form in aquatic systems.
The work of Liu et al. (2011) shows colloidal P variations across a large scale of a stream (?50-km length) with different geological locations. In contrast, the present study for the first time allows tracing and understanding the inputs and types of the two fine colloidal and nanoparticulate fractions within a small-scale stream flow. Similar studies have varied in the size definition of fine colloids but well represent the variation in colloidal P due to differences in environmental conditions. In an American river basin, Mayer and Jarrell (1995) detect concentrations of colloidal P (0.05-1 mm) that ranged between detection limit and 0.061 mg/L and which comprised up to 48% of the total P concentrations. For a coastal plain area in Australia (Zhang and Oldham, 2001) , the observed colloidal P (1 kDa-0.5 mm) was between 0.009 and 0.207 mg/L. In Swiss lakes (Filella et al., 2006) , colloidal molybdate-reactive P (3 kDa-1.2 mm) was as low as ?1.2 mg/L. In contrast, this study showed fine colloidal and nanoparticulate P concentration variations in much lower ranges than Mayer and Jarrell (1995) and Zhang and Oldham (2001) . The concentration ranges are similar to those of Filella et al. (2006) but represent distinct fine colloidal and nanoparticulate size fractions and not all reactive P species. Thus, the measurements of low P concentrations using the proposed AF4 fractions are a novel achievement. The studies combine surface runoff (Mayer and Jarrell, 1995) , highly comprised of macromolecular C, with colloidal P by showing a facilitated formation of colloidal P (Zhang and Oldham, 2001 ) through higher surface runoff rates. Moreover, background geology affects the mineral components of colloids and in turn their stability (Filella et al., 2006) . These studies underline the complexity and dynamics of fine colloidal and nanoparticulate P as shown in this study. The description of fine colloids and nanoparticles in freshwater through AF4 can now increase our understanding of different fractions within the targeted size range.
Potential Role of Dissolved Organic Matter for Binding of Phosphorus to Fine Colloids and Nanoparticles
Dissolved organic matter can be present in various forms in natural stream water including humic and fulvic acids and organic coatings attached to inorganic colloids, which are potential binding sites for P. The DOM proxy values of the second fractions of T1, SP2, OF2, as derived from the UV signal, are elevated in comparison with the other sampling points, with the exception of OF1 (Fig. 3) . This may indicate the presence of organic compounds in these particles that are potentially involved in the binding of P. Alternative approaches for improved online C detection for AF4-separated samples are currently being explored for the AF4 system used in this study but are not yet in a state to offer precise results for the C content. Nonetheless, in connection with the TERENO database ( Supplementary Fig. S1 ), a more precise relationship between dissolved organic C or DOM and fine colloidal and nanoparticulate matter can be drawn for Points SP1, SP3, and T2.
The stream water composition of the Wüstebach main stream results from a mixture of the tributaries and the surface runoff. Through high DOM containing regions with constant inflow into the stream, the influence of the DOM content on the potential fine colloidal and nanoparticulate source regions can be evaluated. Sampling Points T1, SP2, and OF2 show higher DOM contributions of both particle fractions than the other sampling points with the exception of OF1 (second fraction). This correlates with the elevated elemental concentrations (Fig. 4) and the percentage of particles (Fig. 5 ) detected for these points. The elution time of the first fraction, which corresponds to small-sized particles, matches humic acid standards, and therefore this fraction is likely to contain a significant percentage of organic compounds. This finding is supported by the similar DOM proxy concentrations for T1 and the subsequent Sampling Points SP2 and OF2.
For the first fraction, the coefficient of determination of the linear regression between the elements P, Fe, Al, and the particulate DOM varies between 0.68 and 0.90 (Table 2) . For the second fraction, a variation between 0.72 and 0.82 was calculated ( Table 2) . The determination coefficients of the linear regressions show higher results for the smaller (first) size fraction, indicating a stronger carrier effect. Dissolved organic matter can stabilize colloids and nanoparticles in microaggregates by building bridging complexes or being matrix material for potential adhered components (Six et al., 1999) . In both fractions, macromolecular C compounds were detected in the presence of P, Fe, and Al. Further investigations are required to determine the exact binding mechanism of P in these fine colloidal and nanoparticulate fractions. This may involve complexes of phosphate with organic matter or complexes of phosphate with Fe and/or Al oxides. Further, an adsorption of organic P compounds to the fine colloids and nanoparticles is possible. The DOM is apparently able to account for a significant portion of the variation in certain metal concentrations (Shafer et al., 1997) , which in turn influence P adsorption. The relation of the variation in P and Al concentrations, as shown above, can also be affected by the DOM components present. Aluminum ions efficiently bind to macromolecular organic compounds (Libecki and Dziejowski, 2008) and can, through this connection, also be tightly associated with P through bridging effects.
Preliminary Effect of Deforestation on Fine Colloidal and Nanoparticulate Phosphorus, Iron, and Aluminum
Post-deforestation samples were taken 3 mo after the clear-cut in the beginning of December 2013. An alteration in catchment land cover has effects on the overall chemical and physical characteristics of the catchment (Khresat et al., 2008) . In the Wüstebach catchment, the alteration in land cover had an effect on the fine colloidal and nanoparticulate load in the stream (data not shown). A concise trend stating the direction of the change in characteristics cannot be seen from the literature (Khresat et al., 2008; Lindo and Visser, 2003; Neill et al., 2001; Turrion et al., 2000, and references therein) . Possibly, minor differences in climate, vegetation, or soil type make direct comparisons among studies difficult. In the context of fine colloidal and nanoparticulate P in stream waters with additional information on pre-and post-deforestation effects, the literature offers no comparable studies. For the Wüstebach stream, an up to 10-fold decrease in the total elemental concentration of Fe and an up to threefold decrease in P were detected post-deforestation compared with before clear-felling. The Al total elemental concentrations remained similar. For the elemental composition of the fine colloidal and nanoparticulate fraction, a preferential loss of Fe was seen throughout the whole stream. The Al concentration within the colloidal fraction was similar to before deforestation. For P, the decrease caused concentrations to drop to or below the detection limit. A comparison of the stream water level, discharge rate, and turbidity from the TERENO database reveals an ?1-mo precipitation event with high turbidity values at SP3 between deforestation and sampling in December ( Supplementary Fig. S2 ). Possibly, the vast majority of fine colloids and nanoparticles was washed out during this time. According to Lindo and Visser (2003) , the nutrient load of a coniferous forest stand shows highly significant effects from clear-cutting (decrease of the nutrient load of ?20%) in comparison to a deciduous forest. The post-deforestation data outlined here may represent the first immediate effect on the nanoparticulate and fine colloidal bound elements; however, they may additionally or simply reflect seasonal variability. In any case, these data show that the composition of colloidal export within the base flow of the river may be very sensitive to changes in environmental conditions. The sensitivity and methodology of the coupled AF4 and ICP-MS system will have to be adapted to the decreased concentrations to allow a better assessment of the status of fine colloids and nanoparticles following deforestation.
Conclusions
Through this study, the complexity and dynamics of fine colloidal and nanoparticulate P fractions in the stream water of a coniferous forest was shown, enabling novel tracing and conceptually defining the inputs and source regions of fine colloidal and nanoparticulate fractions within a small-scale stream flow. Next to sampling points in the main stream flow, additional sites with differences in hydromorphology were helpful to trace these inputs. The AF4 method with an online coupled ICP-MS allowed successful measurements of P, Fe, and Al, especially at P concentrations down to 0.1 mg/L, showing that up to 100% of P in the stream water is bound in the fine colloidal and nanoparticulate fraction. Ultraviolet-vis detection can be used as proxy for the organic C contribution in these fractions.
The fractionation of the stream water samples showed two distinct fractions. A small-size fraction, eluting first, contained nanoparticles with a mean diameter of 8 nm. For this fraction, variations in P concentrations strongly correlate with the course of Al variations. The fine colloids and nanoparticles of the second fraction, eluting later at lower cross flow rates, had a mean diameter of 150 nm. In both fractions, high P concentrations were present at high Fe concentrations. Coelution of P, Fe, Al, and organic C compounds was observed for both particle fractions in most samples. For the first fraction, it is supposed that DOM is the carrier of metals and nutrients. Aluminum bound to the carrier and seemed to have a greater influence on P binding than Fe, hence a strong Fe presence. In the second fraction, DOM acted as a matrix material, stabilizing microaggregates with metal (hydr)oxides and organically bound nutrients. The particle-bound P contents changed from before to after deforestation, possibly due to a high wash-out effect of fine colloids and nanoparticles leading to a level where bound P was below the detection limit of the currently used AF4-ICP-MS system.
